Abstract A model for the optimal design of rectangular reinforced concrete sections is presented considering the stress-strain diagrams described in EC2-2001 and MC90. The following expressions are developed: economic bending moment; optimal area of steel and optimal steel ratio between upper and lower steel. All the expressions are in nondimensional form. The present model is applied to four different classes of concrete described in MC90. It is concluded that in nondimensional form the equations are nearly coincident for both singly and doubly reinforcement. It is also concluded that the ultimate strain for concrete in the compression zone, ε cm , lies between the strain for peak stress ε c1 and the ultimate strain ε cu . This result is relevant once that the maximum moment is obtained for this value, and not the value ε cu , as defined in EC2-2001. Cost optimization is implemented in the code and compared with other optimum models based on the ultimate design of ACI.
Introduction
The principles for the ultimate design of reinforced concrete structures are established in design codes, namely EC2 (2001) . According to these, the evaluation of the area of steel reinforcement is based on the ultimate conditions of the section that can occur either in concrete or in steel. The solution for the minimum area of steel reinforcement in rectangular section under bending moment is described in CEB (1982) . In this model the parabola rectangle stress diagram in compressed concrete is used. More recently MC90 (1993) suggests for concrete a more elaborate equation dependent on the concrete class that is included in the recent version of EC2 (2001). This work considers the nonlinear MC90 equation in compressed concrete implemented in a mathematical manipulation program described in Barros et al. (2004) , where the use of Heaviside functions allows strains and stresses to be defined by a single equation.
In the work regarding the optimization of reinforced concrete structures by Kanagasundaram et al. (1991) the cost optimization is formulated as a nonlinear programming problem. The ultimate bending moment of reinforced concrete is evaluated by a design expression. Restrictions in terms of serviceability, strength, durability and fire resistance as well as geometry, fire resistance, minimum flexural strength and ductility are considered. In the work by Adamu et al. (1994) a method based on a continuum-type optimality criteria is used, while Han et al. (1996) uses a discretized continuum-type optimality criteria. Other works, such as Leps et al. (2003) , use genetic algorithms. In all these models either the parabola rectangle law or other design methods for compressed concrete are used.
In the present work the optimization process is developed by the use of the Lagrange multiplier method where the objective function is the bending moment equation taking the equilibrium load equation as a restriction. For the cost optimization process the global cost including concrete steel and form work is the objective function and the equilibrium equations are restrictions. The optimum reinforcement related to the cost ratio and strength ratio of the materials is obtained and compared with the results of Ceranic et al. (2000) .
Ultimate design of reinforced concrete sections
The ultimate design of a doubly reinforced concrete beam (DRB) section, represented in Fig. 1a , is considered in this work. The following symbols are used: A s = tension steel area; A s = compression steel area; z 2 = distance of the centroid of steel area from the opposite surface; d = concrete cover; x = position of the neutral axis; ε c = maximum concrete deformation in compression; ε s = strain in the compression steel; ε s = strain in the tension steel, σ s = stress in the compression steel and σ s = stress in the tension steel.
The ultimate design of a reinforced concrete section, according to design codes such as EC2 (2001), occurs if the concrete strain ε c attains the ultimate value ε cu or if the steel strain ε s equals 0.01 in tension, as represented in Fig. 1b. 
Constitutive relation for compressed concrete
The constitutive equation given in EC2 (2001) for concrete under compression is defined by
where σ c and ε represent, respectively, the current stress and strain in concrete; ε is negative, as it corresponds to compression; f cd is the maximum stress for strain equal to ε c1 ; ε c1 = 0.7 f 0.31 cm is considered in modulus; E cc1 is the ratio E cc1 = E c /E c1 ; E c is the tangent elasticity modulus at the origin and E c1 is the secant elasticity modulus for the peak stress. According to EC2 (2001) this equation is valid up to a maximum strain of ε cu .
Compression force in the concrete
The compression force in the concrete, F b , located at a distance X from the upper fibers, is obtained by integrating the stresses (1) in the compressed concrete limited by the neutral axis, Fig. 1c . Denoting by F bred , the nondimensional form, this becomes
with α = x/d and k 1 given by
The nondimensional form, X F bred , of the bending moment evaluated in the upper concrete fibers, (point A in Fig. 1c) , is
